ABSTRACT
INTRODUCTION

Deamination
reactions OCCUR LN A variety OF processes including nucleoside/nucleotide metabolism and base substitution RNA editing, one of a set of co-or posttranscriptional events in which nucleotide insertion, deletion, or base substitution results in the production ofan RNA whose sequence differs from that of its template (reviewed in Benne, 1996; Scott, 1995; Smith and Sowden, 1996; Herbert, 1996) . A number of enzymes known to catalyze such deamination reactions share an active site containing a conserved histidine (His, rarely cysteine), two cysteine (Cys) and a glutamic acid (Glu) residue believed to act as a proton donor or shuttle during the hydrolytic deamination reaction. The part of the enzyme encompassing this active site will be referred to as the DM (deaminase) domain.
The best characterized DM domain containing enzymes bind monomeric and polymeric nucleoside/nucleotide substrates and are cytidine deaminase (CDD) which converts cytidine to uridine (Yang et al., 1992) ; deoxycytidylate deaminase (DCTD) which hydrolyses dCMP into dUMP (Moore et al, 1993) ; the catalytic Life Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California. subunit of the mammalian apolipoprotein B (apoB) mRNA editing enzyme (APOBEC) which is responsible for the cytosine to uracil (C->-U) conversion that alters a specific glutamine (CAA) codon into a stop codon (UAA) in the apoB mRNA (Navaratnam et al., 1995) ; double-stranded (ds) adenosine deaminase (DRADA) which is required for the conversion of specific adenosines to inosines (A->I) in brain-expressed pre-mRNAs for glutamate receptor (GluR) subunits (Lai et al, 1995; Herb et al, 1996; Rueter et al., 1995) and in the antigenome of hepatitis delta virus (HDV) (Poison et al, 1996) . GluR editing requires a second ds adenosine deaminase, REDI, which has a distinct but overlapping substrate specificity with DRADA Melcher et al., 1996) . Inosines are read as guanosines (G) by the translational machinery (Dabiri et al., 1996) resulting in change of the encoded amino acid from glutamine (CAG) to arginine (CGG) and arginine (AGA) to glycine (GGA) in GluR pre-mRNAs, and stop (UAG) codon to tryptophan (UGG) in the HDV antigenome. In addition to the site-selective editing of mammalian mRNAs of neural origin, DRADA has been implicated in the generation of biased hypermutations (clusters of certain transitions) m some RNA viruses (Cattaneo, 1994 ; Poison and Bass, 1994) .
Three of the aforementioned enzymes, CDD, DCTD and APOBEC, bind zinc ions via the active site
His and Cys residues (Betts et al., 1994; Moore et al, 1993; Navaratnam et al., 1995) . A motif comprized of these zinc ion-binding residues and the active site Glu has been observed in the sequences of a number of other proteins (Reizer et ai, 1994; Bhattacharya et al., 1994) : riboflavin biosynthesis protein ribG, which converts 2,5-diamino-6-(ribosylamino)-4(3H)-pyrimidinone 5'-phosphate (ribG) into 5-amino-6-(ribosylamino)-2,4(lH,3H)-pyrimidinedione 5'-phosphate (Sorokin et al., 1993) ; Bacillus cereus blasticidin S deaminase (BSD), which catalyzes deamination of the cytosine moiety of the antibiotic blasticidin S and its derivatives but not cytosine nucleosides (Kobayashi et al., 1991; Nawa et al., 1995) ; Bacillus subtilis open reading frame (ORF) CME2, which is part of the comE operon required for the binding and uptake of transforming DNA (Hahn et al, 1993) ; Bacillus subtilis ORF YAAJ (Ogasawara et al, 1994; Struck et al., 1990) ; Escherichia coli ORF YFHC (Poulsen et al., 1992) ; Vibrio fischen ORF YLXG (Lee et al., 1993) ;
and Saccharomyces cerevisiae ORF YJD5 (Pohl and Aljinovic, 1996) . Reizer and colleagues (Reizer et al., 1994) generalized the zinc ion-binding motif and derived a PROSITE (Bairoch et al., 1996) Gray (1996) ). Recent evidence indicates that this mRNA editing occurs via a deamination mechanism (Blanc et al., 1995; Yu and Schuster, 1995) (Lomeli et al., 1994) . The neurofibromatosis type I (NF1) tumor suppressor mRNA undergoes a C->U change causing an arginine (CGA) codon to be changed to an inframe stop (UGA) codon (Skuse et al., 1996) . NF1 editing occurs in normal tissues but is higher in tumors and appears not to be mediated by APOBEC (Skuse et al., 1996) . Here, a hidden Markov model (HMM) ofthe DM domain has been trained and an HMM-generated alignment of eighty-three DM domains (thirty-seven of which were identified in this work) employed for subsequent phylogenetic analysis. HMMs are a statistical modelling method (Rabiner and Juang, 1986; Rabiner, 1989; Krogh et al., 1994; Baldi et al., 1994; Eddy, 1996; Fujiwara et al., 1994) that have been used recently to characterize the common features of a family of related sequences and to recognize related, but divergent family members present in databases Dalgaardera/., 1997; Hazes, 1996; Shub et ai, 1994; Baldi et al., 1994; Grundy et al., 1997) . HMMs can be viewed as "profiles" recast in a probabilistic framework. A profile is a model for a family consisting of a primary sequence consensus and position specific residue scores and insertion/deletion penalties (Waterman and Perlwitz, 1986; Barton and Sternberg, 1990; Gribskov et al., 1987; Taylor, 1986; Bowie et al., 1991 
Definition of the DM domain
In the three-dimensional structure of Escherichia coli CDD, the active site residues (the His and Cys zinc ligands and Glu proton shuttle) are part of an ot-ß-a structure (Betts et al., 1994) . The region between the first a-helix and the ¿¡-strand will be termed LI and the region between the^-strand and the second o>helix L2. Inspection of the CDD structure indicated that a contiguous region of the protein chain that included this q¡-/?-qí structure constituted the substrate binding region. This region is shown in Figure 1 (Altschul et al., 1990) were run with default parameters and a merged, nonredundant collection of sequences derived from PIR, SwissProt and translated Genbank. Database sequences were considered to exhibit a statistically significant similarity to the query if smallest sum probability P(A0 < 0.01, P(N) being the lowest probability ascribed to any set of high scoring segment pairs for each database sequence. Partial   FIG. 1 (Krogh et al, 1994; Hughey and Krogh, 1996) running on a MASPAR MP-2204 with a DEC Alpha 3000/3000X front end at the University of California Santa Cruz (UCSC).
Hidden Markov model
Since a more comprehensive description of the HMMs employed here can be obtained elsewhere (Krogh et al., 1994; Hughey and Krogh, 1996) , only a summary is provided. The HMM consists of a series of nodes corresponding to columns in a multiple sequence alignment. Its (Brown et al., 1993; Sjölander et al., 1996) . Dirichlet mixture priors are an effective means to estimate the distribution of characters in a specific context given a small sample ofcharacters from that distribution (Karplus, 1995; Tatusov et al., 1994) . These priors, estimated from a Blocks database of multiple sequence alignments (Henikoff et al., 1997; Henikoff and Henikoff, 1991) , are designed to be combined with the observed position-dependent character distributions in the training set to form estimates of expected character probabilities.
An HMM is a model that defines a probability distribution over possible sequences. Any sequence can be compared to a model by calculating the likelihood that the sequence was generated by that model. Taking the negative (natural) logarithm of this likelihood gives the NLL score. For sequences of equal length, the NLL scores measures how "far" they are from the model and can be used to select sequences that are from the same family. An HMM trained to model a family assumed to have a common underlying structure assigns high likelihood to family members and low likelihood to non-members. A multiple sequence alignment for a set of sequences is generated by computing, for each sequence in tarn, the most likely path through the model given possible paths generated by the training sequences.
A rough multiple alignment of the starting training set of DM domains was created manually in which the active site residues were aligned. This Figure 2 shows a detailed view of the DM domain for which an HMM was created and highlights the locations of the active site residues and the LI and L2 FIMs. To avoid changes in the nodes representing the active site residues and thus deviations from the initial manually-generated alignment, the parameters for these particular nodes were fixed. Multiple models were trained to reduce the problem of local minima and the best were used for further studies.
The specificity and sensitivity of the DM domain HMM was examined by using it to discriminate between sequences that possess a DM domain from those that do. This was achieved by evaluating how much better sequences in a database fit the model than some underlying background distribution or null model (NULL) Figure 1 for which an HMM was created. The active site residues and bound substrate (white) are depicted in ball-and-stick form and the zinc ion is a sphere. Vertical and horizontal arrows mark the positions where the two internal FIMs employed to model regions LI and L2 respectively occur in the structure of CDD.
log-odds (NLL-NULL) (Altschul, 1991; Barrett et al., 1997) scores for all sequences in a non-redundant protein database obtained from the NCI (NCI, 1996) and updated weekly at UCSC. Taking into account the number of sequences in this database (approximately 211,000 different proteins in mid-1996) and an expected number of false positives of 0.01, a significant log-odds score is 22.6. Scores higher than this value denote fewer false positives. A database search was performed with the HMM and based upon examination of the log-odds scores and an HMM-generated alignment, new DM domains were identified. These new DM domains were added to the training set and the HMM was retrained. At each round of this iterative procedure, the newly identified sequences improve the ability of the HMM to generalize. The (Adachi, 1995; Adachi and Hasegawa, 1992) . PROTML, the main program in MOLPHY, infers evolutionary trees from amino acid sequences by means of a maximum likelihood method. The star decomposition algorithm of PROTML 2.2 was used to determine automatically the best tree for the sequences in the aforementioned HMM-generated multiple alignment.
Figures showing multiple sequence alignments, phylogenetic trees and ribbon diagrams of molecules were produced using ALSCRIPT (Barton, 1993) , Treetool (Maciukenas, 1992) and MOLSCRIPT (Kraulis, 1991) respectively. Figure 3 shows an HMM-generated alignment of Figure 3 and the abbreviation given in Table 1 Casey (1996)) (Poulsen et al., 1989) . Rno_APOBEC: mutations at positions c, d, f, h and j abolish mRNA editing but one at position g has no effect (Navaratnam et al., 1995) . Hsa-DRADA: mutations at C, d, j and k abolish mRNA editing but mutations at b and I have no effect (Lai et al., 1995 4 1 GDSL S. 9 5 GDSLS. 7 2 T GTKC. 6 3 E S KL C. 9 9 S QCI K. (10:Ath_HPP, 7:Bvu_HPP2, 3:Hvu_HPP, 4:Nta_HPPl, 5:Nta_HPP2, 8:NtaJHPP3, 9:Vra_HPP) (Rasmussen and Celis, 1993) suggesting the occurrence of C-+U mRNA editing in a novel cell type (keratinocytes).
RESULTS
Hidden Markov model
The plant HPPases (subtree Ala) are vacuolar H(+)-translocating inorganic pyrophosphatases, one of two electrogenic proton pumps present in the membrane surrounding the central vacuole of plant cells. HPPases, ubiquitous in plants but otherwise known in only a few phototrophic bacteria, lack sequence identity to any other characterized ion pump implying a different evolutionary origin for this translocase (Rea et al., 1992 Figure 3) . New Figure 5 shows the most highly conserved residues in the DM domain (residues in bold in Figure 3 ) and indicates they are generally confined to active site residues and to those in the core of the domain. It Figure 5 indicates that all these changes to active site residues could be accommodated structurally. However (Navaratnam et al., 1995) . Furthermore, they suggest that some DM domains may have a regulatory function in that they could bind but not act upon their substrate. In the case of mRNA editing, this would suggest sequestering of some mRNAs to prevent them from being edited. These DM domain containing proteins would be candidates for trans-acting factors able to protect a site from being edited.
The existence oftwo new branches in the DM domain phylogenetic tree (subtrees C and B3), each containing diverse bacterial and eucaryotic sequences, suggests the involvment ofthe DM domain in fundamental cellular processes yet to be characterized. Subtree C contains a bacterial protein, 82:Bja_NFP, required for free-living growth and bacteroid development (Weidenhaupt et al., 1995) . In the case of another sequence in this branch, 80:Eco_YFHC, a D->E mutation at position a in Figure 3 Figures 1 and 2 highlighting all the conserved residues present in the alignment (Figure 3 ). Residues in bold in the alignment and the bound substrate (white) are depicted in ball-and-stick form; the zinc ion is a sphere. (Poulsen et al., 1989) . Whether this DM domain has a direct or indirect role in cell death and whether the eucaryotic DM domains in this subtree play a comparable role in apoptosis remain to be determined.
With regards to possible false negatives, the simplest explanations for no DM domains having been identified amongst the currently predicted proteins from the archaeon Methanococcusjannaschii (Bult et al., 1996) (Brown et al., 1993; Sjölander et al., 1996) varied in their ratios of sequences from the three phylogenetic kingdoms. Therefore, their skewed compositions and the relative underrepresentation of archaeal sequences could be the primary factor underlying the inability to detect M. jannaschii DM domains. One means to reduce the redundancy and emphasize the diversity of Blocks would be to devise "weighting schemes" for each Block before its use in calculation of the priors. However, given the unequal and unknown evolutionary rates at different sites in biological sequences, this may be problematic. We are exploring a different approach to improving the data sets used to compute Dirichlet mixture priors and thus improve their capacity to generalize HMMs. The approach employs results from genome sequencing projects, avoids weighting schemes, and employs alignments for proteins proposed to be part of the minimal set likely to be necessary for cellular life (Mushegian and Koonin, 1996) . Hence, given the current availability of the complete genomes of E. coli, M. jannaschii and S. cerevisiae, each alignment should contain a minimam of one protein from these organisms and thus from each phylogenetic kingdom. Inclusion of viral sequences, when available, should improve the ability of HMMs to generalize even further. Calculation of intra-and interphylogenetic domain specific priors will be explored.
